Background: Highly conserved residues of DNA polymerase ␤ alter their interactions as the enzyme transitions from open and closed conformations. Results: Site-directed mutagenesis coupled with kinetic/structural characterization of key mutants defines the role(s) in enzyme activation. Conclusion: These residues both hasten and deter correct and incorrect nucleotide insertion. Significance: Conformational equilibrium(s) of the precatalytic ternary substrate complex influences the observed rate of nucleotide insertion.
DNA polymerases and their ligands (dNTP, DNA, metals) undergo conformational adjustments upon complex formation. These conformational changes may be global in scope as exemplified by protein subdomain repositioning (1) or subtle, such as a change in protein side chain hydrogen bonding or metal coordination (2) . Although great attention has focused on subdomain motions and their role in substrate discrimination, crystallographic studies have revealed that active site geometry is particularly sensitive to the identity of the conformational state of the complex (i.e. correct opposed to incorrect bound nucleotide) (3) .
DNA polymerase ␤ (pol ␤) 2 contributes two enzymatic activities during the repair of simple base lesions in genomic DNA; that is, template-directed DNA synthesis (nucleotidyltransferase) and deoxyribose 5Ј-phosphate removal (lyase) (4) . These activities reside in separate domains: a 31-kDa polymerase domain and an 8-kDa amino-terminal lyase domain. The polymerase domain is structurally organized into functionally distinct subdomains referred to as DNA binding (D, residues 90 -150), catalytic (C, 151-260), and nascent base pair binding (N, residues 261-335) subdomains (5) . These are referred to as thumb, palm, and fingers subdomains, respectively, for righthanded polymerases that exhibit a non-homologous catalytic (palm) subdomain (6) .
DNA binding (7) , crystallography (2, 3, 8 -10) , NMR (11) (12) (13) , and fluorescence studies (14 -18) indicate that pol ␤ and substrates undergo several conformational transitions upon binding substrates and metals during catalytic cycling. These transitions are believed to play a critical role during substrate discrimination, i.e. facilitate selecting right from wrong dNTPs. This is generally referred to as "induced fit" where binding of the correct nucleoside triphosphate results in an optimal alignment of catalytic residues that promotes binding and catalysis. In contrast, an incorrect dNTP leads to alternate protein/substrate conformations that discourage insertion. The kinetic result is that an incorrect substrate exhibits a lower apparent binding affinity (K d ) and decreased rate of nucleotide insertion (k pol ) relative to those for the correct incoming nucleotide.
Crystallographic structures of binary DNA and ternary substrate complexes of pol ␤ suggest that DNA and several protein side chains alter their position and/or interactions upon nucleotide binding (8) (Fig. 1 ). These interactions may provide a means by which the polymerase active site (i.e. metal binding ligands) detects whether the N-subdomain is able to form a stable closed complex. Alanine substitution for Arg-283 (Ͼ15 Å from the active site) results in a catalytically compromised enzyme that exhibits diminished fidelity (19 -21) . This loss in fidelity is completely due to the inability to insert the correct nucleotide. We now examine the role of several other residues that alter their interactions during formation of the closed ternary complex in modulating catalytic activation and fidelity.
EXPERIMENTAL PROCEDURES
Materials-Ultrapure deoxynucleoside triphosphates, [␥-32 P] ATP, and MicroSpin G-25 columns were from Amersham Biosciences-GE Healthcare.
Mutagenesis of the Human Pol ␤ Gene-Oligonucleotide sitedirected mutagenesis was performed using a procedure described previously (19) . The codons for Asp-192, Arg-258, Phe-272, Glu-295, or Tyr-296 were altered to generate single alanine substitutions. Additionally, a double alanine mutant was generated at residues 258 and 272 (R258A/F272A), and an alternate lysine substitution was created at position 295 (E295K). To ensure that the resulting pol ␤ gene contained the desired change(s), the entire coding sequence of the mutant was confirmed by DNA sequence analysis. Each mutant was cloned into pWL-11 (22) , a bacterial expression plasmid containing the PL promoter and overexpressed in Escherichia coli TAP56 cells.
Protein Purification-Wild-type and mutant proteins were purified as described previously (23) . Enzyme concentrations were determined by Coomassie dye binding using purified pol ␤ as the standard. The concentration of purified pol ␤ was determined by total amino acid analysis.
DNA Preparation-A 34-mer oligonucleotide DNA substrate containing a single nucleotide gap was prepared by annealing 3 gel-purified oligonucleotides (IDT, Coralville, IA) to create a single nucleotide gap at position 16. Each oligonucleotide was resuspended in 10 mM Tris-HCl, pH 7.4, and 1 mM EDTA, and the concentration was determined from their UV absorbance at 260 nm. The annealing reactions were carried out by incubating a solution of 10 M primer with 12 M concentrations each of downstream and template oligonucleotides at 90 -100°C for 3 min followed by 30 min at 65°C and then slow cooling to room temperature. The sequence of the gapped DNA substrate was: primer, 5Ј-CTG CAG CTG ATG CGC-3Ј; downstream oligonucleotide, 5Ј-GTA CGG ATC CCC GGG TAC-3Ј; template, 3Ј-GAC GTC GAC TAC GCG XCA TGC CTA GGG GCC CAT G-5Ј, where the X represents T or G. The primer was 5Ј-labeled with [␥-32 P]ATP using T4 polynucleotide kinase (New England Biolabs), and radioactive ATP was removed with a MicroSpin G-25 column. The downstream oligonucleotide was synthesized with a 5Ј-phosphate.
Kinetic Assays-Steady-state kinetic parameters for single nucleotide gap-filling reactions were determined by initial velocity measurements as described previously (24) . Unless noted otherwise, enzyme activities were determined using a standard reaction mixture containing 50 mM Tris-HCl, pH 7.4 (37°C), 100 mM KCl, 5 mM MgCl 2 , and 200 nM single nucleotide-gapped DNA. Due to the lower stability of the R258A mutant at 37°C, the reaction mixtures were supplemented with 50 g/ml BSA. BSA does not influence the activity of the wildtype enzyme. Enzyme concentrations and reaction time intervals were chosen so that substrate depletion or product inhibition did not influence initial velocity measurements. Reactions were stopped with 20 l of 0.5 M EDTA and mixed with an equal volume of formamide dye, and the products were separated on 12% denaturing polyacrylamide gels. The dried gels were analyzed using a PhosphorImager (Amersham Biosciences) to quantify product formation.
To directly measure the rate of the first insertion (k pol ) and the apparent equilibrium nucleotide dissociation constant (K d ), single-turnover kinetic assays (enzyme/DNA ϭ 10) were performed as outlined previously (25) employing a KinTek Model RQF-3 chemical quench-flow apparatus (KinTek Corp., Austin, TX). Typically, a solution of pol ␤ (1 M) was preincubated with single nucleotide-gapped DNA (100 nM). This solution was rapidly mixed (2-fold dilution) with various concentrations of dNTP/Mg 2ϩ . Final conditions (pH, temperature) and salt concentrations were like those described for the steady-state assay. After various time periods, the reactions were stopped with 0.25 M EDTA, and the quenched samples were mixed with an equal volume of formamide dye. Products were separated and quantified as described above. Under these conditions the first-order rate constant of the exponential time-courses was dependent on the concentration of dNTP. A secondary plot of the concentration dependence of k obs was hyperbolic and fitted by a non-linear least-squares method to Equation 1 where k pol is the intrinsic rate constant for the step limiting the first insertion.
Crystallization of Mutant Pol ␤ Substrate Complexes-The
DNA substrate consisted of a 16-mer template, a complementary 10-mer primer strand, and a 5-mer downstream oligonucleotide. The annealed 10-mer primer creates a one-nucleotide gap with a templating A residue. The downstream oligonucleotide is 5Ј-phosphorylated. The template sequence was 5Ј-CCG ACA GCG CAT CAG C-3Ј (the underlined base is the coding nucleotide). Oligonucleotides were dissolved in 20 mM MgCl 2 and 100 mM Tris-HCl, pH 7.5. Each set of template, primer, and downstream oligonucleotide was mixed in a 1:1:1 ratio and annealed using a PCR thermocycler by heating 10 min at 90°C and cooling to 4°C (1°C/min) resulting in a 1 mM mixture of gapped duplex DNA. This solution was then mixed with an equal volume of mutant (R258A or E295K) pol ␤ at 4°C, and the mixture warmed to 35°C and gradually cooled to 4°C.
Pol ␤-DNA complexes were crystallized by sitting-drop vapor diffusion. The crystallization buffer was 16% PEG-3350, 350 mM sodium acetate, and 50 mM imidazole, pH 7.5. Drops were incubated at 18°C and streak-seeded after 1 day. Crystals grew in ϳ2-4 days after seeding. The ternary complex was obtained by soaking crystals of binary 1-nucleotide-gapped DNA complexes in artificial mother liquor with 100 mM MgCl 2 or 50 mM MnCl 2 and with 2 mM dUMPNPP, 20% PEG-3350, and 12% ethylene glycol and then flash-frozen to 100 K in a nitrogen stream. All crystals belong to the space group P2 1 .
Data Collection and Structure Determination-X-ray crystal diffraction data were collected on a Saturn 92 CCD detector system mounted on a MicroMax-007HF (Rigaku Corp.) rotating anode generator. Data were integrated and reduced for structure refinement with HKL2000 software (26) .
Structures were determined by molecular replacement with previously determined structures of pol ␤ complexed with a one-nucleotide gapped DNA (binary complex, PDB ID 3ISB) (27) or a ternary complex with an incoming dUMPNPP (ternary complex, PDB ID 2FMS) (9) . The crystal structures have similar lattices and are sufficiently isomorphous to determine the molecular replacement model using PHENIX (28) . Further refinement and model building were carried out using O (29) . The molecular graphic images were prepared in Chimera (30) .
Accession Codes-Protein Data Bank coordinates and structure factors for the pol R258A pol ␤/DNA binary and ternary (ϩdUMPNPP) and E295K pol ␤/DNA binary and ternary (ϩdUMPNPP) complexes have been deposited with accession codes 4R63, 4R65, 4R64, and 4R66, respectively. (32) . Asp-190 and Asp-192 coordinate both Mg 2ϩ ions necessary for catalysis. In the closed conformation, the phenylalanine ring of residue 272 is positioned between Asp-192 and Arg-258, thereby insulating these residues. Asp-192 and Arg-258 have rotated away from one another to coordinate active site metals or form hydrogen bonds with Glu-295 and Tyr-296, respectively. Interestingly, a lysine mutant at residue 295 has been detected in some human gastric cancers and a role in modulating base excision repair suggested (33) . Molecular modeling of the N-subdomain movement has suggested that side-chain motions do not occur in a concerted manner but follow a sequential path (34 -36) . To probe the functional significance of these residues, alanine has been substituted for Asp-192 (D192A), Arg-258 (R258A), Phe-272 (F272A), Glu-295 (E295A), or Tyr-296 (Y296A). Additionally, lysine was substituted for Glu-295 (E295K) to address the functional consequences that may lead to the observed biological repercussions (33) . The mutant proteins were expressed in E. coli and purified. The purified mutant pol ␤ proteins were Ͼ95% homogeneous and devoid of contaminating exonuclease activity (data not shown). The catalytic consequences of these protein modifications were assessed.
RESULTS

Site
Single Nucleotide Gap-filling DNA Synthesis-To analyze the effect of the altered side chain on DNA synthesis, we determined steady-state kinetic parameters for insertion of a correct nucleotide (dATP or dCTP) into a single nucleotide-gapped heteropolymeric DNA substrate (templating thymine or guanine, respectively) ( Table 1 ; Fig. 2 ). For most mutants, k cat for correct insertion was minimally affected by alanine substitution. The R258A mutant exhibited a modest increase in the respective turnover numbers for correct insertion. However, it ; pink carbon atoms) and closed ternary substrate complex (PDB accession code 2FMS; green, protein and DNA carbon atoms; yellow, dNTP carbon atoms) were superimposed (root mean square deviation ϭ 1.0 Å). A, a view of the DNA major groove edge of the nascent base pair and primer terminus (O3Ј, stick representation) illustrating repositioning of the template strand and primer bases upon forming the closed ternary complex. The arrows represent a shift in the template strand associated with the closing transition where the template strand moves toward the N-subdomain. Base pairs upstream of the primer terminus are illustrated in a wire representation. The polymerase is omitted for clarity. The incoming nucleotide and its coding template base of the ternary complex are labeled N and n 0 , respectively. B, the position of the N-subdomain can be monitored in the active site through a series of altered interactions between Asp-192 (D192), which coordinates both active site metals (orange), and Arg-283 (R283), that is situated in the N-subdomain and interacts with the minor groove edge of the templating strand (not shown). The arrows represent motions associated with the closing transition. N-subdomain closing is associated with Arg-258 (R258) releasing Asp-192 and forming hydrogen bonds with Glu-295 (E295) and Tyr-296 (Y296). Phe-272 (F272) is repositioned in the closed complex to insulate Asp-192 from Arg-258. The DNA is omitted for clarity.
should be noted that the steady-state rate of correct nucleotide insertion is partially limited by at least two kinetic steps, chemistry and product dissociation (25) . In contrast, k cat is significantly decreased for incorrect insertion relative to wild-type enzyme for the alanine mutants of Phe-272, Glu-295, and Tyr-296. In these cases, K m,incorrect is hardly affected. It is generally believed that the rate of incorrect nucleotide insertion is limited by chemistry so that K m,incorrect represents the apparent equilibrium dissociation constant, K d , for the incorrect nucleotide.
The catalytic efficiency of correct insertion for the E295A mutant was reduced by Ͼ200-fold, and the activity of E295K enzyme was too low to determine steady-state kinetic parameters. As described below, kinetic parameters for these mutants were estimated by single-turnover analyses ( Table 2) . As reported previously (32) , D192A has no activity even under single-turnover conditions where the enzyme exceeds substrate DNA. The singleturnover rate of the glutamate mutant (i.e. D192E) was decreased 10,000-fold relative to wild-type enzyme ( Table 2) .
Role of the Mutants in Substrate Discrimination-Substrate specificity is determined by comparing the respective catalytic efficiencies (k cat /K m ) for alternate substrates. The fidelity of nucleotide insertion is generally expressed as the ratio of catalytic efficiencies for correct and incorrect nucleotides (i.e. eff. correct /eff. incorrect ). A discrimination plot for single nucleotide gap-filling DNA synthesis by wild-type and mutant enzymes is shown in Fig. 2 (panels A and B) . In these plots the distance between the respective catalytic efficiencies (correct and incorrect nucleotides) is a measure of substrate discrimination; i.e. the greater the distance, the greater the discrimination. For the alanine mutants, the catalytic efficiencies, correct and incorrect, were decreased relative to wild-type enzyme; R258A Ͻ F272A Ͻ Y296A Ͻ E295A. Because both correct and incorrect nucleotide insertion were decreased to approximately the same extent, the effects on fidelities were modest (Ͻ5-fold relative to wild-type enzyme; Fig. 2C ).
Single-turnover Kinetic Analysis of R258A-The turnover number, k cat , is a composite of different rate-limiting steps for insertion of correct and incorrect nucleotides and, therefore, should not be compared directly. Likewise, there may be a (37) . Under this condition, the single-exponential time courses for correct nucleotide gapfilling DNA synthesis is dependent on dATP concentration (Fig. 3A) . A secondary plot of the nucleotide concentration dependence of k obs provides estimates of k pol and K d,dNTP (Equation 1; Fig. 3B ; Table 2 ). Because Arg-258 forms a salt bridge with Asp-192 in the binary DNA complex, this acidic side chain is not available to provide the necessary ligands for the active site metals needed for catalytic activation (Fig. 1B) . Modeling of the N-subdomain closing motion upon binding a correct nucleotide identified several conformational transitions that may occur as Arg-258 releases Asp-192 and forms hydrogen bonds with Glu-295 and Tyr-296 (36) . Accordingly, the Arg-258/Asp-192 interaction represents a key barrier that must be overcome to permit formation of an active catalytic site. If the events required for this enzyme activation pathway are kinetically or thermodynamically significant, alanine substitution for Arg-258 could lower the barrier for catalytic activation and/or might augment the population of activated complex (see "Discussion"), resulting in an increase in the observed (i.e. measured) rate of nucleotide insertion.
In the presence of a saturating concentration of the correct nucleotide (dATP), the single-exponential time course provides a measure of k pol (Fig. 4A ). Although the observed rate of correct nucleotide insertion was dependent on the identity of the incoming nucleotide, the rate was significantly more rapid for the R258A mutant than wild-type enzyme (Fig. 4) . From the nucleotide concentration dependence of the observed rate constants for these single-exponential time courses, the binding affinity for the incoming nucleotide was 5-fold lower for the R258A mutant relative to wild type ( Table 2) . This results in a 2.3-fold loss in the specificity constant (k pol /K d ), similar to that determined by the steady-state kinetic approach (k cat /K m ; Table 1 ).
Single-turnover Kinetic Analysis of F272A-The decrease in the efficiency of correct nucleotide insertion observed for the F272A mutant (Table 1) suggests that nucleotide insertion rather than product release is rate determining during steadystate turnover. This was verified by directly measuring k pol employing single-turnover conditions as described above. The time course indicates that dATP insertion occurs at a similar rate as that observed for the steady-state rate ( Fig. 5 and Table 1 ). Table 2) .
These results with the single alanine mutants indicate that Arg-258 modulates wild-type insertion negatively (decreases insertion), whereas Phe-272 facilitates insertion. If the only role of Phe-272 is to insulate Arg-258 and Asp-192, then eliminating the Arg-258 and Asp-192 interaction through alanine substitution for Arg-258 should rescue the loss in activity observed with alanine substitution for Phe-272. However, if Phe-272 has a different or an additional role, then the double mutant will behave like the F272A mutant. The single-turnover time course performed with saturating dATP indicates that k pol for the double alanine mutant R258A/F272A is identical to that for single F272A mutant (Fig. 5) . Thus, Phe-272 provides an additional role distinct from insulating Asp-192 and Arg-258.
Single-turnover Kinetic Analysis of E295K-
The poor insertion efficiency of the gastric cancer-associated E295K mutant precluded a steady-state kinetic analysis. Using conditions adequate for single-turnover analyses that utilize high enzyme concentrations, insertion (k pol ) and dNTP binding (K d,dNTP ) can be assessed. Under these conditions where catalytic cycling does not occur, events at the polymerase active site are measured. The 2400-fold loss in catalytic efficiency (k pol /K d ) with the lysine mutant is completely due to the inability to insert the correct nucleotide (k pol ) as the affinity for the correct nucleotide is not diminished ( Table 2 ). The specificity constant for misinsertion of dTTP opposite a templating guanine was 11,500-fold lower than for dCTP insertion. This suggests that the fidelity of this mutant is ϳ4-fold lower than wild-type enzyme in this DNA sequence context. The poor insertion efficiency for this mutant enzyme precludes it from posing a direct mutagenic threat to the genome but could pose an indirect threat as a trans-dominant inhibitor of base excision DNA repair.
Structural Characterization of R258A and E295K-Crystallographic structures of binary single nucleotide-gapped DNA and ternary (ϩdUMPNPP) substrate complexes were determined for two mutants (i.e. R258A and E295K) that would be expected to alter the dynamics of the residues participating in hydrogen bonding during catalytic cycling ( Table 3) .
The global conformation of the binary and ternary complex structures of the R258A mutant is nearly identical to that of wild-type enzyme (r.m.s.d. for all C␣ ϭ 0.16 and 0.20 Å with the open binary and closed ternary wild-type complexes). Like wild-type enzyme, the global conformation of the binary DNA complex is open, whereas the ternary complex is in a closed conformation (Fig. 6A) . Except that the arginine has been replaced with alanine, the other signaling residues superimpose with their wild-type counterparts (Fig. 6B ). . Effect of alanine substitution for Arg-258 on the rate of correct nucleotide insertion. Wild-type (WT) enzyme or the R258A mutant was preincubated with single nucleotide-gapped DNA (pol/DNA ϭ 10) and rapidly mixed with a saturating concentration ([dNTP] Ͼ 8 K d ) of the appropriate complementary nucleotide as described under "Experimental Procedures." The first-order time courses were fitted to a rising exponential equation. A, time course of product formation (dATP insertion) for wild-type (F) and R258A (E) enzymes. The best-fit single-order rate constants (k pol ) were 5.5 and 14.9 s Ϫ1 for wild-type and R258A enzymes, respectively. B, effect of alanine substitution for Arg-258 on k pol for dATP or dCTP insertion as determined by single-turnover analysis ( Table 2 ). The k pol for the R258A mutant is 2.4 Ϯ 0.1 and 2.3 Ϯ 0.2 greater than WT enzyme for formation of dT-dATP and dG-dCTP base pairs, respectively. In contrast to the lack of significant structural perturbation observed with the R258A mutant, the E295K mutant exhibited significant structural differences in the ternary substrate complex compared with wild-type enzyme. Although the open binary complex was similar to wild-type enzyme, the ternary substrate complex remained in the open conformation upon binding a complementary non-hydrolysable incoming nucleotide (Fig. 7A ). In this case, two manganese ions coordinate the triphosphate moiety of the incoming nucleotide, whereas the Watson-Crick edge of the uracil base hydrogen binds with the templating adenine. The nascent base pair exhibits a severe buckling (Fig. 7B) . As a result, O3Ј of the primer terminus hydrogen bonds with Arg-258, effectively removing this essential catalytic atom from the active site (Fig. 7C) .
DISCUSSION
Residue Conservation-The residues examined here were based on their proposed role in protein conformational adjustments as a result of substrate binding. Consequently, their functional role could be in substrate binding, substrate discrimination, and/or catalysis. The high conservation exhibited by these residues when compared with all members of the DNA polymerase X-family is consistent with a critical functional role for these residues (Table 4 ). Interestingly, these residues do not appear to be highly conserved when compared with the other three human X-family enzymes. This later observation is con-sistent with the divergent functional roles these enzymes have in the cell (38) . Likewise, these other human enzymes (pol , pol , and terminal deoxynucleotidyltransferase) do not exhibit an open to closed subdomain repositioning when they form a ternary substrate complex (39 -41) .
Not surprisingly, the strongest kinetic consequences were observed with the two most conserved residues, Asp-192 and Arg-283. Alanine substitution for these residues effectively eliminates activity. Whereas activity is not measurable for the metal binding ligand D192A (Table 1) , catalytic efficiency is decreased Ͼ10 4 -fold for the alanine mutant of Arg-283 (21) . The high conservation of these residues among all X-family DNA polymerases indicates that they have an essential role in addition to their role in conformational changes associated with subdomain motions.
Structural Insights-The high resolution crystallographic structures of the binary and ternary precatalytic complexes of the R258A mutant are very similar to those of the wild-type enzyme. As illustrated in Fig. 6B , the side-chain conformations of the residues that propagate a hydrogen bonding cascade in the open and closed polymerase conformations are similar to that observed with the corresponding binary and ternary complex structures of wild-type enzyme. Removing the potential for a salt bridge with Asp-192 or Glu-295 apparently does not have a strong influence on the position of these side chains in the 
where I h is the mean intensity of symmetry-related reflections I h,i . d Numbers in parentheses refer to the highest resolution shell of data (10%). e R work ϭ 100⌺ʈF obs ͉ Ϫ ͉F calc ʈ/⌺͉F obs ͉. f R free insertion is partially limited by at least two kinetic steps for a 5% subset of reflections withheld from refinement. g NA, not applicable. h Data were determined by MolProbity (58) . binary or ternary complexes. Because these structures represent static endpoints, intermediate events must be isolated or trapped with mutant enzymes, substrate analogs, or through computational studies.
In contrast to the structures of the R258A mutant, the ternary complex structure of the lysine mutant of Glu-295 is unique. The E295K variant of pol ␤ has been identified in gastric (33) and colon carcinomas (42) and shown to have low activity (Table 2) (43, 44) . Although the overall conformation is similar to that of the open ternary complex observed previously for the R283K mutant with a correct incoming nucleotide (2), the structure of the ternary complex of E295K exhibits two Mn 2ϩ ions that coordinate the phosphate moiety of the incoming dUMPNPP (Fig. 7B) . In contrast, binding of the second Mn 2ϩ ion to the R283K mutant resulted in a closed ternary complex. Importantly, the trapped open complex of the E295K mutant indicates that Arg-258 can hydrogen bond with O3Ј of the primer terminus that has moved to a catalytically inactive position (Fig. 7C) . A similar open ternary complex of wild-type enzyme with two manganese ions has been reported for pol ␤ inserting dCMPNPP opposite 2Ј-fluoro-N7-methylguanine (45) . However, in this case, O3Ј of the primer terminus coordinates the catalytic metal rather than interacting with Arg-258. A structure of an open mismatch E295K ternary complex structure has been reported by Eckenroth et al. (43) indicating that Arg-258 and Asp-256 can interact with O3Ј of the primer terminus through a water-mediated hydrogen bond. This results in an inactive conformation as O3Ј is misaligned and Asp-256 cannot coordinate the catalytic metal.
The structural results support a model where both Arg-258 and Glu-295 influence active site conformational equilibria between active and inactive conformations. Glu-295 stabilizes the closed active complex upon forming a ternary substrate complex, and altering this interaction(s) can result in an inactive conformation(s); that is, open N-subdomain and displaced primer terminus stabilized by Arg-258. Consequently, activity of this mutant is severely decreased. In contrast, Arg-258 interacts with a metal binding ligand (Asp-192) in the binary DNA complex and is observed to stabilize an inactive complex in the ternary complex of the E295K mutant. Accordingly, removal of these possible inactivating interactions by alanine substitution potentially enhances the population of active ternary substrate complex that would result in the observed apparent increase in insertion ( Fig. 4 ). An apparent increase in the activity of the R258A mutant on a homopolymeric template-primer system had also been reported (46) .
Conformational Activation and Deactivation-Because many DNA polymerases appear to utilize substrate-induced conformational changes to align catalytic groups, an induced fit mechanism has been proposed to describe substrate specificity. Good substrates optimize the active site by aligning catalytic atoms, whereas poor substrates deter catalysis through the misalignment of reactive atoms. Although protein and substrate conformational adjustments can be rapid, the equilibrium with noncatalytic complexes can influence polymerase fidelity (47, 48) .
Because single nucleotide insertion appears to be limited by a chemical step rather than conformational adjustments (16, 49) , the increased rate of insertion exhibited by the R258A mutant must be due to a change in the thermodynamic equilibrium with non-productive complexes rather than a kinetic change in the rate-limiting step. Scheme 1 illustrates structural adjustments that occur in the enzyme and/or substrates of the ternary substrate complex. In this oversimplified scheme, DNA E dNTP represents the active ternary substrate complex that irreversibly forms product (k pol ). F represents an inactive enzyme conformation (e.g. open conformation), whereas the substrates may be bound in a catalytically active or inactive state (denoted by their subscript or superscript position; the inactive forms are highlighted in red). In this scenario the measured single-turnover rate of nucleotide insertion is k obs ϭ k pol ( DNA E dNTP /E T ) where E T represents the sum of all ternary substrate complexes. Accordingly, the measured rate constant is not only dependent on the intrinsic rate constant for nucleotide insertion (k pol ) but also on the relative concentration of active ternary substrate complex. If this complex is in equilibrium with non-productive complexes, then the measured rate underestimates the true intrinsic rate constant. Although the rate-limiting step for the forward reaction is the chemical step, altering the conformational equilibrium with alternate non-or less-productive forms of the ternary substrate complex would decrease the observed rate.
The inactive ternary complex DNA E dNTP (complex i) represents a complex where the DNA substrate is not correctly aligned (e.g. The open/closed position of the ␣-helix N is shown for these enzymes (r.m.s.d. ϭ 0.84 Å, 201 C␣). The templating nucleotide (t0) and its upstream neighbor (t-1) are shown for the mutant enzyme, whereas the primer terminus (p-1) is shown for both the mutant and wild-type enzymes. The magnesium ions in the wild-type enzyme are shown as gray spheres, and the manganese ions of the mutant complex are shown as purple spheres. The triphosphate moiety of the incoming dUMPNPP in the mutant structure hydrogen bonds to Arg-183 (R183), whereas the O4 (uracil) is within hydrogen bonding distance to N1 and N6 of the templating adenine. C, key active site residues of the superimposed binary (thin gray stick representation) and ternary (green stick representation) complexes of the E295K mutant are shown. The primer terminus (PT) of the ternary complex is geometrically distorted removing O3Ј from a catalytically relevant position. This inactive sugar position is stabilized with a hydrogen bond with Arg-258. (10) . For pol ␤, other conformational changes that occur before chemistry have been identified through protein (18) and DNA fluorescence changes (17, 51) . In these later studies, the R258A mutant was shown to alter pre-and post-chemistry fluorescence changes. Interestingly, Lys-472 of human pol (52) and Arg-273 of Leishmania infantum pol ␤ (53) have been observed to stabilize inactive conformations of the primer terminus in crystallographic binary and ternary substrate complexes, respectively. Since chemistry is rate-limiting for single nucleotide insertion of a correct nucleotide for pol ␤ determined by single-turnover analysis, the increase in the observed rate is thermodynamic rather than an intrinsic change in the rate-limiting step; i.e. a change in the concentration of DNA E dNTP rather than a change in k pol . Thus, alanine substitution for Arg-258 results in less inactive ternary complex.
Although it might seem counterproductive for a DNA polymerase to be in rapid equilibrium with "non-productive" complexes, it can be an advantage in situations where alternate substrates must be accommodated. It would be a practical strategy for enzymes that are confronted with a DNA substrate that displays structural diversity. It is well known that DNA polymerase function is dependent on DNA structure as illustrated by the strong sequence dependence of fidelity.
Fidelity-A mutant enzyme with an altered fidelity indicates that the modified side chain plays a unique role in correct and/or incorrect nucleotide insertion. If a side chain plays a similar role for both correct/incorrect insertions, the catalytic efficiency for each will be altered to the same extent and in the same direction (increase or decrease) so that fidelity will be unaffected. Although altering the residues highlighted in this study by site-directed mutagenesis has profound effects on catalytic efficiency for correct insertion, there is a similar effect on incorrect nucleotide insertion so that the mutant enzymes exhibit little or small effects on fidelity (Fig. 2) .
In contrast to the low or modest effects observed with the mutants characterized here, alanine substitution for Arg-283 results in a highly error-prone but catalytically compromised DNA polymerase (19, 54, 55) . For this mutant, the loss in fidelity is entirely due to the loss in correct insertion efficiency, whereas incorrect insertion was hardly affected (5) . Thus, Arg-283 has a key role during correct nucleotide insertion but plays no or a limited role in incorrect nucleotide insertion.
Enzyme Side-chain Versatility-Structural comparison of the open binary DNA complex with the precatalytic ternary substrate complex suggests that the Phe-272 side chain insulates Arg-258 from Asp-192 in the ternary complex thereby promoting enzyme activation (Fig. 1B) . The observation that the double alanine mutant R258A/F272A does not recover the diminished insertion rate of the single F272A mutant (Fig. 5 ) indicates that the primary role of Phe-272 is not to isolate Asp-192 and Arg-258 from one another. Because the aromatic ring of Phe-272 contacts the sugar of the incoming nucleotide, replacing the large hydrophobic surface with a single methyl group would be expected to alter active site interactions in the vicinity of the chemical reaction. Consistent with this interpretation, previous characterization of a leucine substitution at residue 272 did not observe a loss in the insertion rate of a correct nucleotide, indicating that the longer aliphatic side chain did not dramatically distort the active site (56) . Because Phe-272 is also situated on ␣-helix M of the N-subdomain, it undergoes a small rotation as pol ␤ transitions between open and closed states ( Fig. 1B) (4) . Thus, Phe-272 plays unique roles depending on the conformational/catalytic state of the enzyme. It appears to be involved in 1) the open/closed enzyme conformational transition, 2) precise positioning of the incoming nucleotide, and 3) insulating Asp-192 and Arg-258 from one another.
Lys-280 also appears to play disparate roles in correct nucleotide insertion depending on the identity of the templating nucleotide. Whereas this side chain contributes key interactions with templating purines, these interactions are far less important with templating pyrimidines (5) . Accordingly, it should not be surprising to discover that an enzyme side chain has multi-faceted roles during DNA synthesis that depend on the identity of the incoming nucleotide and DNA sequence.
